We analyze the prospects for light neutralino dark matter in the minimal supersymmetric model extended by a U (1) gauge group. We allow the neutralino to be an arbitrary admixture of singlet and doublet higgsinos, as well as of the three gauginos, and we require agreement with the data from the direct and indirect dark matter detection experiments, while maintaining consistency of the model with the relic density, and with the recent Higgs data from the LHC. The constraints have implications for the structure of the lightest neutralino as a dark matter candidate, indicating that it is largely singlino, and its mass can be as light as ∼ 20 GeV.
INTRODUCTION
The recent discovery of the Higgs boson at the LHC [1, 2] indicates that the observed particle is consistent with the only missing link in the Standard Model (SM). At the same time, given that the SM is incomplete from a fundamental theoretical point of view, various groups have used the available data to set limits on the beyond the SM scenarios. New analyses of alternative scenarios must take into account the best non-refutable signal of physics beyond the SM available, the existence of dark matter, which is well established by various cosmological and astrophysical observations trying to explain the dynamics of galaxy clusters and rotations. Dark matter (DM) is thought to form about 26% of the mass-energy of the Universe, with the relic density measured by WMAP [3] and PLANCK [4] experiments, where the current value of Ω DM h 2 is Ω DM h 2 = 0.1126 ± 0.0036.
(1.1)
Various direct and indirect detection experiments have reported signals consistent with DM particle interpretation.
The so-called direct detection experiments are underground experiments who look for the direct evidence of dark matter through its elastic scattering with nuclei of different target materials. Galactic weakly interacting massive particles (WIMPs) can collide with nuclei transferring kinetic energy to a single nucleus. Low DM masses, around 10 GeV or so are favoured by DAMA/LIBRA [5] , CoGeNT [6] and recently by CDMS-II [7] experiment, while the medium mass region of GeV is preferred by CRESST-II [8] . All those events lie in the regions excluded by the XENON10 and XENON100 experiments, which set strong limits on the DM-nucleon scattering cross-section [9] . The prediction for the spinindependent scattering cross-section with nuclei is affected by uncertainties in light quark masses and hadronic matrix elements, and is heavily dependent on assumptions about the local density of dark matter in our galaxy. Taking these into account, the scattering crosssection ranges between roughly between 10 −44 − 10 −46 cm 2 . The most stringent constraint is by the LUX experiment [11] , which finds cross sections of about 10 −45 cm 2 for a light dark matter candidate in the mass range 10 GeV < ∼ m < ∼ 30 GeV. Complimentary to these, indirect detection experiments test cosmic rays signals in the hope of revealing annihilations or decays of DM particles in these fluxes, and to establish additional properties of dark matter. There has been a flurry of results in indirect detection experiments pointing to an excess of electrons and positrons. First, data from the PAMELA satellite [10] showed a steep increase in the energy spectrum of positrons above 10 GeV and up to 100 GeV, but no excess in the antiproton versus proton energy spectrum compared to the background. Several groups analyzing data from the Fermi Gamma-Ray Space Telescope have reported the detection of a gamma-ray signal from the inner few degrees around the galactic center, with a spectrum and angular distribution compatible with that anticipated from annihilating dark matter particles. The Fermi LAT signal [12, 13] and Perseus galaxy cluster [14] , and in stacked spectra of 73 galaxy clusters [15] , and thus appears to be a very light DM candidate.
So far, the most compelling candidate for dark matter is provided by supersymmetry (SUSY). To avoid copious decays of supersymmetric particles into ordinary particles, one imposes a discrete symmetry, R-parity, R = (−1) 3B+L+2s , where B is the baryon number, L is the lepton number, and s is spin. Conservation of R-parity implies the existence of a stable lightest supersymmetric particle (LSP), which does not have strong or electromagnetic interactions and becomes the candidate for weakly interacting massive particles (WIMPs) which are thought to form dark matter. In the minimal supersymmetric model (MSSM), that role is played by the lightest neutralino, assumed to be be mainly bino. Unfortunately a bino-like neutralino is typically overproduced in thermal processes in the early universe so that an efficient annihilation mechanism is needed in order to reproduce the observed relic density. Several studies have shown that light neutralino dark matter can be compatible with collider data, provided one allows for non-universal gaugino masses [16] [17] [18] [19] . While as of now there is no agreement on how to explain some of the contradictory results in direct and indirect detection experiments, the question of whether it is possible to generate a light DM candidate has endured. Some scenarios have abandoned supersymmetry and added ad-hoc hidden dark matter sectors to the SM. In these models DM can be as light as one wishes. At the same time, many studies of MSSM [20] and next-to-MSSM (NMSSM) [21] investigated if the these models could be compatible with the existence of a dark matter particle satisfying the experimental constraints. Extending the symmetry of the MSSM by an extra U(1) factor is best motivated from string-inspired models [24] , from breaking of some supersymmetric grand unified theory (SUSYGUTs) to the SM, or as solutions of the µ problem [26, 27] . In SUSYGUT symmetries, it seems difficult to break most scenarios directly to SU(2) L × U(1) Y , as most models such as SU(5), SO(10), or E 6 involve an additional U(1) group in the breaking. In models with extra U(1) gauge symmetries, known as U(1) ′ models [25] , the number of Higgs bosons is increased by an additional singlet field (S) over that of the MSSM, and the vacuum expectation value (VEV) of the singlet S is responsible generating the µ term, which allows Higgs fields to couple to each other [26, 27] . As an example of our allowed parameter space, we provide some benchmark points for our investigations in Sec. 3.2. We summarize our findings and conclude in Sec. 4.
U (1) ′ MODEL
We review briefly the U(1) ′ model, with particular emphasis on the neutralino sector as relevant for the DM study. The superpotential for the effective U(1) ′ model is
where we assumed that all Yukawa couplings except for Y t and Y b are negligible. As can be seen from (2.1), the µĤ uĤd term in MSSM is replaced by the λŜĤ uĤd term. Thus the µ parameter is generated dynamically, with a singlet scalar (S) and a Yukawa coupling (λ), which resolves the µ problem of the MSSM [27] , and µ ef f is expected to be of order of the weak scale. The singlet VEV S also generates the mass of the new Z ′ boson 1 . Note also that, unlike in NMSSM, the singlet self-coupling term κ S 3 is disallowed.
In addition to the superpotential, the Lagrangian includes D-terms and F -terms as well as soft-supersymmetry breaking terms. These contain additional terms with respect to the MSSM, coming from gaugino masses M a (a = 1, 1 ′ , 2, 3) and trilinear couplings A S , A t and A b as given below
with the coupling constant g 2 = g [34] . In what follows, we are concerned with the Higgs and neutralino sectors. We choose to vary the parameters within a region of phenomenological interest, selected not conflict with experimental bounds. We diagonalize numerically the Higgs mass matrix and impose the condition that the Higgs boson at 125 GeV is SM-like.
We now turn our discussion to the neutralino sector.
1 In a realistic U (1) ′ models, three additional singlets are required to both generate a sufficiently large Z − Z ′ mass splitting, a not-too large effective µ term (to avoid fine-tuning), and to cancel the mixed anomalies between the SM and U (1) ′ symmetry groups. As we wish to keep our model minimal and simple, we do not include these additional scalars here. Consistency with Z ′ mass measurements can be achieved by considering the extra singlet states to be very heavy, effectively decoupled from the (scalar and fermion) spectrum.
The Neutralino Mass Matrix in U (1) ′
While the chargino mass matrix depends on U(1) ′ breaking scale through the µ → µ ef f parameter in the mass matrix, it is formally unchanged from the MSSM. The neutralino sector of the U(1) ′ however is enlarged from that of the MSSM by one higgsino and one gaugino state, namelyS (referred to as singlino) andB ′ , with a soft SUSY breaking mass, as well as possibleB −B ′ mixing terms. We call the the bare state of the U(1) ′ gauge fermioñ B ′ , reserving theZ ′ for the physical mixed state. The mass matrix for the six neutralinos
basis is given by a complex symmetric matrix [34] :
with gaugino mass parameters 
Moreover, the doublet-doublet higgsino and doublet-singlet higgsino mixing mass mixings are generated to
The neutralino eigenstates are Majorana spinors, and the physical statesχ ).
The additional neutralino mass eigenstates due to new higgsino and gaugino fields encode the effects of U(1) ′ models.
Now we proceed to investigate the possibility that there exists a light DM candidate consistent with the U(1) ′ LSP neutralino.
NUMERICAL ANALYSIS
We explore the parameters of the U(1) ′ model in order to pinpoint allowed masses and compositions of the lightest neutralino consistent with dark matter relic density constraints, as well as astrophysical and collider requirements. Several constraints coming from collider and various DM experiments need to be taken into account. We discuss this in turn.
For the relic density, we consider the best-fit value (Ω CDM h 2 ) provided by the PLANCK experiment [4] , 0.1199 ± 0.0027, and stay within 3σ experimental error bars. DM-nucleon elastic scattering cross-section (σ SI ) is constrained by XENON100 [9] and LUX [11] experiments, with LUX providing the more stringent bound. Hence we take into account the LUX bound for our present study, and also consider the ATLAS measurement.
The superparticle mass limits arising from latest LHC data are taken into account [35, 36] .
The lighter chargino mass is restricted by the LEP experiments to mχ± 1 > 103.5 GeV [37] .
Although this limit is weaker if the mass splitting between the lighter chargino and the LSP is small, we respect this limit as our goal is to look for a light neutralino DM. Higgs boson cannot be arbitrarily large. CMS puts an upper limit on the ratio of the total decay width of this Higgs boson,
, which we include as another constraint.
Any non-standard Higgs sector is highly constrained due to lack of any evidence of another [46] . Global parameter fits to the data put this limit much lower, 28% at 95%C.L. [47] . We chose to impose the direct search limit obtained from CMS for the present study.
In the Table I below, we show all the constraints which enter our calculations.
For the analysis, we proceed as follows. We implement the U(1) ′ model into CalcHEP [48] using the model implementation available in SARAH [49] . For the calculation of the dark matter relic density we use micrOMEGAs [50] . Masses of the supersymmetric particles were evaluated using SPheno [51] , and we used HiggsBounds [43] to impose the present collider limits on the Higgs mass and signal strengths at the LHC.
Scanning over the whole U(1) ′ parameter space, it is evident that only the gaugino and the Higgs mass and mixing parameters are crucial for our present study. The other SUSY parameters do not play a crucial role in determining DM observables, namely, for relic density, direct detection cross section and thermal averaged annihilation cross section. Hence we chose to vary the low energy values of four relevant parameters randomly, in the ranges M ′ 1 (GeV) (100 , 1000)
A t (GeV) (-2500 , -500)
A S (GeV) (100 , 1000) The other parameters are set at the following values throughout the analysis:
where mf are the soft masses of the squarks and the sleptons for all three generations. These parameters were chosen to highlight the effects of the U(1) ′ symmetry.
3.1. Results
Relic Density and direct detection cross-section
The lightest neutralino in this scenario emerges as dominantly singlino-type with a small admixture of higgsino component. Since for the present study we are only interested in a DM candidate with mass below 50 GeV, we do not take into account points which yield a heavier DM mass. For this mass range, the DM pair dominantly annihilates into a quark-antiquark pair. The process is mediated by neutral CP-even and CP-odd Higgs bosons and by Z and Z ′ gauge bosons. Since in our considerations the sfermions are substantially heavier, their co-annihilation with the DM is suppressed; also since the LSP is very light compared to other supersymmetric particles, co-annihilation with other neutralinos and with the charginos is negligible.
As µ ef f is given by the product of λ and v S , both these parameters play a crucial role in determining the lighter chargino mass, which for our choice of parameters is mostly higgsino.
Therefore, imposing the chargino mass constraint provided by the LEP prevents µ ef f to be arbitrarily small and thereby reduces the freedom of choosing the gaugino mass spectrum.
A light Higgs mass below 100 GeV mark is tightly constrained from the LEP Higgs boson search. Starting from an electron-positron initial state at LEP, a too light Higgs can result in a larger cross-section for Zh final state [52] . We discard any such points in the parameter space using HiggsBounds.
In Fig. 1 
From the direct detection experiments, experimental sensitivity to spin-independent (SI)
scattering is much larger than to spin-dependent since spin-independent processes scatter coherently, and therefore are enhanced in scattering from large target nuclei. The most stringent bound on the spin-independent σ SI cross section in terms of the DM mass is provided by ATLAS [45], more stringent than the corresponding limit provided by DM experiments at low mass region. Therefore, we take this constraint and the one from the LUX experiment [11] into account in Fig. 2 , where we plot the spin-independent DM cross section from direct searches as a function of the DM mass.
The black line in Fig. 2 represents the LUX bound whereas the magenta line shows the ATLAS limit. The gray points show the general features, the red points satisfy relic density constraint, the blue points satisfy invisible decay branching ratio and HiggsBounds constraints. The green points satisfy both these and the other collider constraints simultaneously. Contributions to σ SI coming from t-channel scalar exchange diagrams are suppressed by a factor of
. Hence a light CP-even Higgs in the theory can enhance the scattering cross-section compared to the usual MSSM scenario. As the LSP neutralino has a large singlino component, it couples strongly to the light CP-even Higgs which is dominantly singlet-like. As a result, the scattering cross-section is large in this scenario, as can be seen 
Annihilation cross-section
A light CP-even Higgs boson appearing as a mediator enhances the DM-pair annihilation cross-section into fermion pairs. As the coupling between the neutralino pairs and SM particles (Z and Higgs bosons) needs a suitable value to give an acceptable annihilation rate, the lightest neutralino is required to have non-zero SM-components. For a singlinodominated neutralino, the annihilation proceeds mostly through h 1 , while for a higgsinodominated neutralino, the annihilation is dominated by the Z boson. For the light neutralino in our model, the DM annihilation cross section obtained is at most ∼ 10 −27 cm 3 · s −1 . This annihilation cross section, as shown in Fig. 3 , besides satisfying direct detection constraints, is sufficient to produce correct relic density. The color codes used in this figure are same as in Fig. 2 .
In the present scenario, the annihilation cross-section cannot be enhanced to O(10 −26 cm 3 · s −1 ) limit for a 30-40 GeV DM mass, as required to explain the galactic The color codes are same as before. Gray points show the general feature, blue points satisfy
HiggsBounds and invisible decay width constraints, red points satisfy the relic density constraint and the green ones satisfy both these and other collider constraints simultaneously.
center gamma-ray excess observed by Fermi-LAT experiment [54] . One must fit the lightest CP-even Higgs or the pseudoscalar mass in the 60-80 GeV region in order to produce a resonating effect in the pair annihilation process to enhance the cross-section. In that case, the lightest CP-even Higgs must be dominantly singlet-like as a non-negligible doublet Higgs component may increase its production rate and violate the LEP limit [52] . On the other hand, with light CP-even or pseudoscalars in the model, one needs to be careful with its coupling to the SM-like boson because, if kinematically allowed, the ∼ 125 GeV Higgs may decay into a pair of these scalars. Non-standard decays like this are highly constrained from Higgs signal strength measurements. Since our motivation is to look for the lightest neutralino DM which lies very close to 20 GeV, we did not try to fit this enhanced annihilation cross-section for the present analysis. For our scenario, the pseudoscalar mass is kept above 1 TeV throughout and the lightest CP-even Higgs boson mass lies above 80 GeV mark. As a result, the lightest CP-even Higgs is no longer dominantly singlet-like and the value of its coupling to the neutralino pair is reduced. Hence one has to have a neutralino DM with heavier (than 20 GeV) mass in order to produce correct relic density. Also, in this situation, the O(125 GeV) Higgs boson has a significant component from the singlet state which increases its invisible decay branching ratio as well as reducing its coupling to the SM particles. Hence one cannot have a too large singlino component in the LSP state. In Fig. 4 we plot the two dominant contributions to the LSP state, coming from the singlino and the up-type higgsino. Red points satisfy DM constraints while the green ones satisfy all the constraints. This LSP is different from the neutralino LSP in both MSSM, where it is mostly bino [20] , or in NMSSM, where it is either singlino, or a singlino-bino mixture [21] . 
Higgs signal strengths
The Higgs sector is constrained from the O(125 GeV) Higgs boson signal strengths measurements in different decay modes. These Higgs measurements data provide the strongest 16 limits on the neutralino DM mass in the model. The signal strength in different channel (µ i ) is defined as
Here R i 's are U(1) ′ model predictions for the ratios of the Higgs production cross sections and partial decay rates for various channels, and R width is the ratio of the total width in our model, defined with respect to the corresponding SM expectations. 
CMS [58]
h → W W ⋆ → 2l2ν 1.00 To highlight our parameter space and its implications, we show some correlation plots between the signal strengths obtained for decays into different final states. Fig. 6 shows on the left-hand side, the correlation between signal strengths in gauge boson decay channels µ W W and µ ZZ while the right-hand side of Fig. 6 In Fig. 7 we plot µ γγ as a function of Higgs invisible branching ratio. A smaller BR(h 2 inv ) enhances µ γγ as expected. But in our scenario, the BR(h 2 inv ) cannot be very small as the LSP neutralino has a higgsino component which cannot be neglected. The largest µ γγ that we obtain after imposing all the constraints lies close to 0.92 which is just above 1σ lower limit of the value obtained by CMS. In Fig. 7 , the dark shaded region shows 1σ reach and the light shaded region shows 2σ reach of the measured CMS value of µ γγ . It shows that 18 although our scenario is in slight tension with the best-fit CMS value, it still accommodates the 1σ experimental range, while if we take the 2σ allowed range a sizeable parameter space is still allowed. It is evident from Figs. 6 and 7 that in this scenario, apart from µ ZZ , all the signal strengths values are closer to those measured by the CMS rather than those measured by the ATLAS. We observe that the two-photon signal strength can be enhanced close to the CMS best-fit value 1.14, but in that case, the DM constraints are hard to satisfy. Increasing the two-photon decay also means increasing the other SM decay BRs of the SM-like Higgs boson. Enhancement of these other decay modes may produce excess in some quark or leptonic final states that has not yet been observed and thus ruled out by HiggsBounds.
Also, note that increasing the signal strength in SM decay modes means decreasing the invisible decay branching ratio, which means reduced coupling between the Higgs boson and the DM neutralino pair. As a result the DM pair annihilation may not be sufficient to produce correct relic density.
Three Benchmark points
In this section, we present three benchmark points consistent with the previous discus- The corresponding values of the constraints for these benchmark points are listed in are compatible with the LHC data. Note in particular the predicted suppression of the h → γγ signal, which is 1σ away from the best-fit value of the CMS measurement, and in slight conflict with the one at ATLAS. The invisible decay width is small and consistent with both experimental constraints and with the global fits to the LHC data [47] . The LSP mass is ∼ 20 GeV, while the lightest chargino (higgsino for our parameter choices) has mass ∼ 120 − 135 GeV. experiments will be instrumental in further confirm, restrict or rule it out.
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